Dislocation loops and precipitates in an arsenic-rich GaAs crystal have been studied by transmission electron microscopy to investigate their formation mechanism and establish their relationship to point defects. The precipitates are identified to be a hexagonal arsenic phase having a simple orientation relationship with the GaAs matrix. Detailed analyses of the loops indicate that they are compose~ of two separate defects lying on (111) planes: a faulted loop and a perfect loop. It is proposed that the loops are formed by condensation of excess arsenic interstitials followed by clustering of excess Ga vacancies and subsequent generation and movement of Shockley partial dislocation(s). The faulted loop is interpreted as an hcp arrangement of arsenic atoms. This model supports the hypothesis that arsenic interstitia Is and Ga vacancies coexist in GaAs at high temperatures although arsenic interstitials initiate the formation of arsenic-related dislocation loops. Implications concerning the formation process of the EL2 deep level defect are also discussed .
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I. INTRODUCTION
It is generally accepted that dislocations adversely affect the performance of GaAs-based devices. l Substantial research effort has consequently been devoted to the study of dislocations in GaAs. Condensation of native point defects due to nonstoichiometry has been proposed to be an important mechanism of dislocation generation. In a study of GaAs crystals grown by the Horizontal Bridgman (HB) technique, Brice 2 has shown that the dislocation density increases with arsenic pressure over the melt during growth. Furthermore, Parsey3 et al discovered that in HB crystals a minimum dislocation density was obtained at an optimum arsenic source temperature which gives an exact stoichiometry. Lagowski et al 4 suggested that this mechanism is dominant when the crystal is grown at low thermal stresses. This was later supported by Elliot et ai,S who studied dislocation generation during Liquid Encapsulated Czochralski growth.
The formation mechanisms and types of point defects responsible for the loops are not yet clearly known. Brice 2 attributed his results to the condensation of Ga vacancies (VGa) based upon X-ray data. From the observed relationship between the Fermi energy and the dislocation density, Lagowski et al 4 and Aoyama et al 6 also proposed that Ga vacancies are mainly involved in the formation of dislocation loops. In contrast, Glling et al 7 studied effects of doping elements (S and Si) on the dislocation density and claimed that arsenic interstitials (Asj) playa dominant role.
In terms of concentration, several studies showed that the arsenic interstitials are dominant in arsenic-rich materials by measuring the lattice parameter by X-ray methods. 8 ;9 Thermodynamic calculations of point defect concentrations give conflicting results; some predict dominance by Ga vacancies lo and some by arsenic interstitials. 1l ;l2 As to the condensation mechanism, it has been assumed without clear evidence that the condensation follows a typical sequence in which the responsible point defects form Frank type dislocation 100pS. [4] [5] [6] [7] In this work, dislocation loops formed as a result of an excess arsenic concentration have 2 • been studied using transmission electron microscopy (TEM). Arsenic-rich GaAs crystals are of particular interest because semi-insulating GaAs crystals are grown from an arsenic-rich melt and contain excess arsenic atoms. Investigation of the formation mechanism of the dislocation loops at an atomic scale is reported. A model is presented that shows which types of point defects are involved in this formation. Precipitates observed with the loops are also characterized. Based upon the results, possible processes of arsenic antisite defect (AsGa) formation by point defect interactions are discussed.
II. EXPERIMENTAL
The GaAs crystal studied in this work was grown by the Horizontal Gradient Freeze technique, with high arsenic concentration. In this technique, the optimum arsenic source temperature to grow a stoichiometric compound is known to be 617±1 DC. The image simulation was performed using the CEMPAS program developed by R. Kilaas. 13 
III. RESULTS AND DISCUSSION
A high density of dislocation loops was observed on the {111} GaAs planes, often associated with small <",10 nm) precipitates. . .
It is believed that the formation of the other component, the faulted loop, is also related to nonstoichiometry. The crystal was grown under very low thermomechanical stresses and therefore formation of faulted loops would be very unlikely without being associated with nonstoichiometry.
Since the sample contains an excess of arsenic, it is proposed that the faulted loop represents an hcp arrangement of arsenic atoms only ('hcp' arsenic), which can be created by clustering of Ga vacancies followed by movements of Shockley dislocations to form a stacking fault. of an 'hcp' arsenic plate and a perfect loop, the same structure as that observed experimentally.
High resolution images of a slightly different composite loop are shown in Fig.7 . This defect consists of a perfect loop and a monolayer faulted loop. It is believed that this loop was formed by the same mechanism except that in this case the {111} layers between two loops were subjected to movement of only one Shockley partial dislocation because only one or two layers of Ga vacancies were formed after the arsenic interstitia Is condensed.
It must be stressed that the proposed model is self-consistent in that it shows the arsenic interstitials initiate the 'loop formation process and therefore are less stable than Ga vacancies at the condensation temperature. This was an assumption in describing the observed faulted loops as the 'hcp' arsenic. It Is also emphasized that the present model shows that both arsenic interstitia Is and Ga vacancies are involved in the process. This in fact can explain inconsistent results previously reported on the point defects responsible for the loop formation. 4 -7 Since two defects are involved, loop formation may be affected by the behavior of anyone component.
Finally, these results give direct insight into the formation process of arsenic antisite defects in GaAs by point defect interactions, which is significant in its relation to the formation of the deep level defect EL2. Two processes have been proposed, ASAs + VGa = ASGa + VAs,17
and ASj +VGa;= ASGa. 18 ;19 Our study supports the latter mechanism by showing that arsenic interstitia Is and Ga vacancies coexist at high temperature.
IV. CONCLUSION
A TEM study was performed to investigate the formation of dislocation loops and precipitates . . 
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